Objective: To compare outcomes of diabetic foot ulcers (DFUs) treated with clostridial collagenase ointment (CCO) or silver-containing products, both in combination with sharp debridement as needed. Approach: One hundred two subjects with qualifying DFUs were randomized to daily treatment with either CCO or a silver-containing product for 6 weeks followed by a 4 -week follow-up period. The primary outcome was the mean percent reduction in DFU area. A secondary outcome was the incidence of ulcer infections between groups. Results: At the end of treatment, the mean percent reduction in area from baseline of DFUs treated with CCO was 62% ( p < 0.0001) and with silver was 40% ( p < 0.0001). The difference between groups-22%-was not statistically significant ( p = 0.071). Among ulcers closed by the end of treatment, the mean time to closure was 31.1 -9.0 days versus 37.1 -7.7 days, respectively (not statistically significant). There was a numerically greater incidence of target ulcer infections in the silver group (11, 21.6%) than in the CCO group (5, 9.8%; p = 0.208). No clinically relevant safety signals were identified in either group. Innovation: CCO treatment can progress a wound toward closure. Ulcer infection prophylaxis may not be sacrificed when treating DFU with CCO in lieu of silver-containing products. Conclusion: Both CCO and silver-containing products promote significant reduction in DFU area over 6 weeks of treatment with no clinically relevant safety concerns. Mean percent reduction in lesion area was numerically (22%) but not significantly greater with CCO compared to silver, as was time to ulcer closure, with an incidence of ulcer infection at least as low as for silvercontaining products.
INTRODUCTION
There are more than 22 million people in the United States with diabetes mellitus, 1 of whom up to 25% are at risk for the development of diabetic foot ulcers (DFUs). 2 In the United States, the annual cost of caring for a patient with a DFU ranges from *$12,000-$16,000. 3 Cumulatively, and including the cost of infection, Medicare spending in 2014 for DFU is estimated at nearly 19 billion USD. 4 In Canada, the annual costs associated with DFU care exceeded $500 million Canadian dollars (CAN), with an average 3-year cumulative cost of greater than $50,000 CAN per incident case. 5 Open DFUs are typically heavily colonized by bacteria and consequently at risk of becoming infected. 6 Such infections, if not adequately treated, can progress to sepsis or result in amputation.
It is generally accepted that there are five tenets of good DFU care, including glucose control, maintenance of a moist wound environment, debridement, offloading, and infection prevention/ management. To assist with healing, diabetic patients should strive to keep glucose levels as close to normal as possible, using a combination of proper diet and glucose-lowering medications. The ulcer should be kept moist, but not wet, during the healing process. Removal of dead or necrotic tissue can be accomplished via periodic sharp debridement with or without ongoing enzymatic debridement. Offloading is essential to reduce or eliminate pressure on the wound. Infection prevention and management are also important. Frank infections warrant antibiotic therapy; prophylaxis is often accomplished using a silver-containing product. Silver is a broad-spectrum antimicrobial, and its use in DFU has become more common in recent years. In a recent clinical trial evaluating the role of clostridial collagenase in DFU treatment, the control group was managed via Investigators' preferred standard of care, which included a silver-containing product in 63% of cases. 7 One potential limitation of silver use in DFUs is that silver ions are cytotoxic to human dermal fibroblasts and epithelial keratinocytes, 8 such that infection prevention may come at a cost of slowed wound healing, depending on the exposure level to silver ions. 9, 10 Ongoing enzymatic debridement can be accomplished using an ointment containing collagenase derived from the bacterium Clostridium histolyticum (Santyl Ò ; Smith & Nephew, Fort Worth, TX). This proteinase specifically degrades collagen types I-V, and is currently the only product in its class available in the US marketplace. Previous laboratory studies have demonstrated that enzymatic debridement with clostridial collagenase promotes key aspects of wound healing, including granulation tissue formation and reepithelialization better than nonspecific proteases or inactive controls 11 ; and may suppress inflammatory markers while promoting markers of inflammation resolution. 12 Multiple clinical studies have demonstrated that when paired with sharp debridement, clostridial collagenase results in more rapid reduction in ulcer area and shorter time to closure than standard therapies. 6, 7, 13 Optimal comprehensive DFU therapy would both promote progress toward closure and prevent infection. Comanagement with clostridial collagenase and silver-containing compounds has to be carefully managed, as the type and amount of silver may affect collagenase activity.
14 However, findings from two recent studies suggest that infection rates may not be different among DFUs treated with clostridial collagenase or silver-containing products. 6, 7 CLINICAL PROBLEM ADDRESSED
The current study compares wound progression toward closure in DFUs treated with either clostridial collagenase or silver-containing products, with the primary outcome being the mean percent reduction in DFU area and the secondary outcome being the incidence of ulcer infections in the two groups.
MATERIALS AND METHODS
This was a phase 4, prospective, randomized parallel-group open-label study conducted at 14 sites in the United States and Canada in accordance with the tenets of Declaration of Helsinki. The protocol was approved by all relevant ethics committees and all participants provided written informed consent.
Subjects were age 18 years or older with diabetes mellitus Type 1 or 2 requiring insulin or oral medications to control blood glucose levels and who had at least one qualifying DFU. Qualifying lesions were present on any part of the plantar surface of the neuropathic foot or hallux at least 5 cm from any other DFUs, measured 0.5-10 cm 2 inclusive, were of at least 6 weeks and no more than 52 weeks duration, manifested no clinical signs or symptoms of infection, and required debridement. While there was no run-in phase, ulcers decreasing below 0.5 cm 2 or increasing above 12 cm 2 between Screening and Baseline visits were excluded. Adequate arterial perfusion (ankle brachial index >0.70 and £1.20 at or near the ulcer site) was required. A complete list of eligibility criteria is given in the Appendix 1.
The study period consisted of three phases: randomization/baseline, treatment, and followup. At baseline, the target ulcer was cleaned with sterile saline, patted dry, and underwent sharp debridement as medically warranted and then photographed and measured using the ARANZ Silhouette ulcer imaging and measuring device (ARANZ Medical, Christchurch, New Zealand). Both the lesion area and perimeter were recorded. A 4 mm punch biopsy was obtained for quantitative bacteriology assessment. Qualifying subjects were then randomized in a 1:1 ratio into two treatment groups stratified by ulcer size (0.5-2.0 cm 2 vs. >2.0 cm 2 ) and ulcer duration (6-12 weeks vs. 13-52 weeks). The collagenase treatment group received clostridial collagenase ointment (CCO, Santyl; Smith & Nephew) applied once daily in a nickelthick layer to the ulcer bed, covered in successive into-out layers with a nonadherent dressing (Allevyn; Smith & Nephew), a single layer of cast padding, and a self-adherent wrap bandage. The control group received treatment with a silver-containing product of the Investigator's choosing, used as indicated in the products' labels. Subjects in both groups were instructed to replicate their assigned treatment daily (or as appropriate for the Investigator selected dressing) throughout the treatment period. All subjects in both groups were provided with an appropriate offloading device (Darco shoe with PegAssist insole, Darco International, Huntington, WV), trained in its use, and instructed to wear the device whenever ambulatory.
During the 6-week treatment period, participants were examined weekly and their interim history and adverse events recorded. The target ulcer was cleaned and inspected, debrided at the Investigator's discretion, swabbed for bacteriology if deemed infected, and measured/recorded with the ARANZ device. If the target lesion was closed (100% reepithelialization with no drainage and no need for dressing), the subject immediately entered the 4-week follow-up phase. If not closed, the randomized treatment was continued and weekly follow-up maintained for up to 6 weeks. Use of the offloading device was reinforced at every visit.
Participants reaching the Week 6 visit (and those whose target ulcers achieved closure before Week 6) entered the follow-up phase of the study. During this 4-week period, ongoing ulcer treatment was entirely at the discretion of the Investigator. Participants were examined 2 and 4 weeks after entering the follow-up period, at which time adverse events were solicited and the target ulcer was assessed as closed, not closed, or reopened. Study exit occurred at the completion of the 4-week follow-up visit.
The primary efficacy outcome measure for this study was the mean percent change from baseline in the target ulcer area over the 6-week treatment period. A two-way analysis of covariance (ANCOVA) on the intent-to-treat (ITT) population was utilized to assess between-group differences. Secondary outcomes included the mean percent change in target ulcer area at the end of the follow-up period using the same ANCOVA model. The within-group change in ulcer area (both absolute and percent) from baseline to end of treatment was evaluated using a onesample t-test. The number of target ulcer infections between groups was compared using analysis of variance (ANOVA), and the proportion of subjects in each group with target ulcer infections was compared using the Cochran-Mantel-Haenszel (CMH) test. Exploratory outcomes included the time to ulcer closure (in days) using Kaplan-Meier survival analysis, the proportion of ulcers closed using the CMH test, and the effect of bacterial burden on ulcer closure using logistic modeling. A post hoc analysis analyzed the percentage reduction in target ulcer area using a stepwise regression method that considered treatment and all baseline characteristics for the model. At a minimum, the model contained treatment and pooled site and further variables were added to the model at each step using a forward selection process. The final model included the terms for treatment, pooled sites, target ulcer age, anklebrachial index (ABI), and body mass index (BMI). Safety assessment included descriptive statistics of adverse events using Medical Dictionary for Regulatory Activities coding, with severity (mild/ moderate/severe) and treatment-relatedness (not/ possibly related) assessed for each adverse event.
Sample size determination was informed by observations in previous studies of an *40% reduction in mean ulcer area over the planned study duration and a collagenase treatment effect size of 0.3-0.8. Assuming an effect size of 0.6 for CCO, 45 subjects per group would provide 80% power to detect this effect size at a 2-sided alpha level of 0.05 using a twosample t-test. A sample size of 100 subjects was planned to account for attrition. The primary efficacy analysis was conducted in the ITT population (all randomized subjects with valid baseline ulcer measurements). Secondary and exploratory endpoints were conducted in both the ITT and per protocol (PP) populations (the PP population included all subjects meeting eligibility criteria and followed through the shorter of the 6-week treatment period or until ulcer closure with no significant protocol deviations). Safety analyses were conducted in the safety population (all randomized subjects receiving at least one treatment with study medication). Imputation for missing data was achieved using the last observation carried forward method.
RESULTS
The disposition of enrolled subjects is given in Fig. 1 . Overall, 102 subjects were randomized, all of CLINICAL OUTCOMES WITH CCO COMPARED TO SILVER whom received at least 1 study treatment, and 82 completed the study. Twenty subjects were discontinued from the study before completion for the following reasons: 13 for adverse event (including new DFU), 4 for protocol deviations, and 1 each for loss to follow-up, withdrawal of consent, and nonadherence with study treatment. Sixteen subjects were excluded from the PP analysis for the following reasons: 13 for withdrawal from the study and 3 for protocol violations. Fifty-one subjects each were randomized to receive treatment with CCO and silver-containing products; descriptions of the silver-containing products used in the control group of this study are given in Table 1 . Demographics and baseline wound characteristics of the ITT/safety population are given in Table 2 and were comparable between groups.
The baseline mean ulcer area in the CCO group was 1.6 -1.8 cm 2 , and by the end of the 6-week treatment period, the mean percent reduction in ulcer area was 62.0% ( p < 0.0001 for change from baseline). In the silver group, the baseline mean ulcer area was 1.7 -2.0 cm 2 and was reduced by 40.0% ( p < 0.0001 for change from baseline) by the end of the treatment period (Fig. 2) . The difference of 22% (95% confidence interval: -1.9-45.9) between treatment groups, while clinically meaningful in favor of CCO, was not statistically significant ( p = 0.071). No additional gains in the mean percent reduction in area were observed through the additional 4-week follow-up period in either group. At the end of the study, cumulative mean percent reductions in area were 63.6% and 41.4% in the CCO and silver groups, respectively ( p = 0.065). Similar results were obtained in the PP dataset at the end of treatment and the end of the study. Debridement was performed 305 times in the CCO group (mean 7.3 debridements per subject) and 272 times (6.8 per subject) in the silver group (not significant).
In the ITT population, the stepwise regression method demonstrated that the percentage reduction in target ulcer area was estimated to be 25.6 (95% CI: [2.733-48.490]) percentage points greater in the collagenase group than in the Silver group ( Table 3 ). This difference was statistically significant ( p = 0.029). Similar results were obtained in the PP population.
For ulcers that closed by the end of the treatment period (CCO group = 11, silver group = 7), the mean time to closure was 31.1 -9 days in the CCO group and 37.1 -7.7 days in the silver group. By the end of follow-up, the time to closure among closed lesions was 43.0 -18.6 and 50.8 -14.6 days, respectively. While the results favor the CCO group, they were not statistically significant.
At baseline, all ulcers were colonized by between 1 and 8 different species of bacteria (mean 3.3 -1.4). The most commonly sampled species along with the percentage of ulcers closed when the organism was present at baseline are given in Table 4 . Only Staphylococcus epidermidis, methicillin-resistant Staphylococcus aureus (MRSA), and Pseudomonas aeruginosa had closure rates below the overall mean of *30%. The bacterial bioburden combining all bacterial species ranged from 9.20 · 10 3 to 9.30 · 10 10 colony-forming units (CFU)/g among CCO-assigned patients and from 4.50 · 10 4 to 2.05 · 10 10 CFU/g in silver-assigned patients. There was no significant association between bacterial bioburden at baseline and wound healing (logistic regression, p = 0.813). During the 6-week treatment period, there were numerically more incident target ulcer infections in the silver group (11, 21.6%) than in the collagenase group (5, 9.8%; p = 0.208).
In the safety analysis, 70 treatment-emergent adverse events were recorded in 24 subjects (47.1%) of the CCO group and 92 in 29 subjects (56.9%) of the silver group. Of these, only one was deemed treatment related (skin burning sensation in the silver group). There were five serious adverse events in five subjects (9.8%) of the CCO group and nine in eight subjects (15.7%) of the silver group; none was deemed treatment related. One subject was treated with a combination of a silver foam dressing and a silver collagen gel and is thus counted twice. 
DISCUSSION
This study demonstrates a 55% relative greater reduction in mean percent area of DFUs treated for 6 weeks with CCO compared to silver-containing products. This difference, while not statistically significant, is clinically relevant. Interestingly, after adjustment for site, ulcer age, ABI, and BMI, the percent decrease in wound area did show statistical significance in favor of CCO. This result underscores the importance covariates and confounding factors can have, particularly in a population that is diverse and may present with numerous comorbidities in addition to diabetes mellitus. Ulcers achieving closure did so *1 week faster in the CCO group (although not reaching statistical significance). CCO-treated ulcers also demonstrated a 55% relative reduction in infections compared to silver-containing products. Both treatments were well tolerated, with no CCO treatment-related adverse events observed.
Silver-containing products are believed to convey an antimicrobial benefit mediated by antiinfective activity of silver ions, although a recent evidence-based review found mixed results and thus was not able to conclude that silvercontaining wound dressings convey antimicrobial efficacy. 15 This potential benefit is balanced against the known cytotoxic effects of ionic silver which may impair healing in the ulcer bed. 8, 9, 16, 17 CCO, on the other hand, provides exogenous proteolytic activity with the potential to maintain a more organized wound as the wound progresses toward closure. Depending on the level of free silver ions, some silver-containing products may inhibit collagenase activity.
14 Therefore, care must be taken if these two therapies are used concomitantly.
In this study, subjects were considered to be free of ulcer infection when enrolled. During the course of the 6-week treatment period, fewer ulcer infections were observed in subjects treated with clostridial collagenase than subjects treated with a silvercontaining product. However, CCO is not indicated for the prevention of infection. It is hypothesized that the smaller number of infections observed in the CCO group in this study was due to the removal of the necrotic tissue from the wound bed, limiting the ability of bacteria to thrive in the wound. Further study will be required to test this hypothesis.
The lack of statistical significance for the primary endpoint of this study warrants consideration. From a technical standpoint, the study was powered assuming an effect size of 0.6 for collagenase and was underpowered for the observed effect size of *0.4. Perhaps more importantly, the trend toward statistical significance observed in this study is consistent with previous studies. Milne et al. demonstrated more complete debridement of chronic ulcerative wounds with collagenase than standard hydrogel therapy. 18 Tallis et al. reported significantly greater reductions in DFU area and significantly better response rates in collagenasetreated lesions compared to saline-moistened gauze coupled with serial sharp debridement. 13 Motley et al. demonstrated greater reductions in wound area with 6 weeks of collagenase treatment compared to sharp debridement used with good ulcer care, although the observed difference (68% vs. 36%, respectively) was not statistically significant; however, this was a hypothesis-generating rather than hypothesis-testing study, and sample size was selected quasi-arbitrarily rather than based on a priori power analysis. 7 In a post hoc analysis of the data from Motley et al., wound infection rates were similar between groups (10.7% for CCO, 11.8% for debridement with good ulcer care, 63% of which included silver-containing products; Motley et al., Unpublished Data*). Also, Jimenez et al. reported that CCO provided numerically (but not statistically significantly) greater reductions in DFU area compared to hydrogel with up to 12 weeks of therapy; mean percent reductions were numerically greater for CCO than hydrogel at 12 of 12 time points and averaged 55% versus 41%, respectively. 6 In the latter study, ulcers unresponsive to randomized therapy at 4 weeks were crossed over to the other treatment, after which 33% of ulcers switched to CCO closed versus only 8% switched to hydrogel. Taking these studies as a whole along with the current study, CCO consistently produced numerically-and often statistically-better outcomes than standard therapy in every study. 19 The current study, considered in combination with the existing body of literature with which the current study's findings are consistent, provides additional evidence to help clarify the optimal management of DFUs. CCO produces more rapid reduction in ulcer area, reduces time to closure in lesions achieving closure, and promotes resolution of inflammation in the wound bed as the ulcer progresses toward closure. This study's design featured several important features. We utilized an objective protocol for the measurement of lesion size using the ARANZ Silhouette system. This device combines a digital camera and a dual laser platform that accounts for image scale and skin curvature when measuring wound surface area. The device has been shown to be highly reproducible with excellent intra-and interobserver reproducibility. 20 The current study has some limitations that merit mention. First, there was not a standard silver-containing product for DFU treatment. However, the choice between selecting a ''standard care'' (one dressing used for all patients randomized to silver) or ''standard of care'' (Investigator uses dressing he/she would normally select based on patient characteristics and local practice norms) is essentially the choice between intrinsic validity (narrowly defined criteria to reduce variability) and extrinsic validity (generalizable to the ''real world''). Neither is wrong, and both have strengths. We chose the latter because we felt that generalizability of our results and translation to clinical practice were a higher priority for the study questions we were asking. As part of the training for the study, investigators were encouraged to use the silver-containing product that they thought was most appropriate for a given ulcer. The assessment of the target ulcer as infected or not infected at the screening visit (and thus study eligibility) was based on the Investigator's judgment of signs and symptoms of infection rather than waiting for culture results and using numeric criteria. This is reasonable as the decision to treat with systemic antibiotics is also often based on visible criteria rather than laboratory results. The most important limitation of this study was its small size. The study was powered to detect a large effect size and was unable to establish the statistical significance of the observed smaller effect size, although a post hoc covariate analysis did reach significance.
In summary, DFUs provided with ongoing enzymatic debridement by CCO achieve faster and greater reductions in ulcer area than when treated with silver-containing products with an incidence of ulcer infection at least as low as for silvercontaining products.
INNOVATION
Clostridial collagenase provides ongoing enzymatic debridement supplemental to intermittent sharp debridement in the management of DFUs. Silver-containing products are often used to confer prophylactic antimicrobial coverage. The clinical impact is that CCO treatment not only results in more rapid progress toward closure than treatment with silver-containing products but also is at least as effective as the silver products in limiting the incidence of ulcer infections. 
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KEY FINDINGS
The mean percent decrease from baseline in ulcer area over the treatment period was highly significant for both the collagenase ( p < 0.0001) and for the silver ( p < 0.0001) treatment groups.
Ulcers treated with clostridial collagenase had a 55% greater mean reduction in area from baseline when compared with the silver control group at the end of treatment ( p = 0.071).
Silver treatment provided no advantage over clostridial collagenase in the incidence of observed ulcer infections during the treatment period.
Both treatments were found to be safe under the conditions of the study.
